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Temperature dependence of the in- plane electrical resistivity, p a b, in various magnetic fields 
has been measured in the single-crystal La2- a ;Ba :E Cu04 with x = 0.08, O.fO, O.ff and 
Lai.6- a; Ndo.4Sr : rCu04 with x — OA 2. It has been found that the superconducting transition curve 
shows a so-called fan-shape broadening in magnetic fields for x = 0.08, while it shifts toward the 
low-temperature side in parallel with increasing field for x = 0.11 and 0.12 where the charge-spin 
stripe order is formed at low temperatures. As for x = 0.10, the broadening is observed in low fields 
and it changes to the parallel shift in high fields above 9 T. Moreover, the normal-state value of p a b 
at low temperatures markedly increases with increasing field up to 15 T. It is possible that these 
pronounced features of x = 0.10 are understood in terms of the magnetic-field-induced stabiliza- 
tion of the stripe order suggested from the neutron-scattering measurements in the La-214 system. 
The p a b in the normal state at low temperatures has been found to be proportional to ln(l/T') for 
x = 0.10, 0.11 and 0.12. The ln(l/T) dependence of p a b is robust even in the stripe-ordered state. 



I. INTRODUCTION 

Magnetic fields can tune the electronic state of 
strongly-correlated electron systems. It is well-known 
that magnetic fields strongly affect the superconducting 
properties as well as the normal-state ones. For conven- 
tional superconductors, the superconducting transition 
curve in magnetic fields shifts to the low-temperature 
side in parallel with increasing field, which is attributed 
to the small superconducting fluctuation originating from 
the large superconducting coherence length. (This is 
called a parallel shift.) For the high-T c cuprates, on 
the other hand, the superconducting transition curve 
shows a so-called fan-shape broadening in the under- 
doped regime, 0, Q which is attributed to the large 
superconducting fluctuation originating from the small 
superconducting coherence length and the quasi-two- 
dimensional superconductivity. 

As for magnetic-field effects on the normal-state prop- 
erties, some interesting behaviors of the normal-state 
electrical resistivity at low temperatures below the super- 
conducting transition temperature T c have been found 
through the destruction of the superconductivity by 
the application of magnetic field. In the underdoped 
La2- 2; Sr 2 ;Cu04 (LSCO), for example, the in-plane re- 
sistivity, p a b, in the normal state exhibits an insulating 
behavior at low temperatures, diverging in proportion to 
ln(l/T), though the origin of the ln(l/T) dependence has 
not been clarified. The ln(l/T) dependence has also 
been observed in the underdoped Bi2Sr2- 2; La : j;Cu06+5 



(BSLCO) below p (the hole concentration per Cu) ~ 
0.12, suggesting that the ln(l/T) dependence may be 
a common feature of p a b in the normal state of the un- 
derdoped high-Tc cuprates at low temperatures. 

Recently, magnetic-field effects on the charge-spin 
stripe order 0,0 have also attracted great interest. 
Elastic neutron scattering measurements in magnetic 
fields for LSCO with x = 0.10 (Ref. 0) under the 
orthorhombic mid-temperature (OMT) structure (space 
group: Bmab) have revealed that the intensity of the in- 
commensurate magnetic peaks around (it, it) in the recip- 
rocal lattice space increases with increasing field parallel 
to the c-axis, suggesting the stabilization of the mag- 
netic order. For LSCO with x = 0.12, on the other 
hand, the enhancement of the incommensurate magnetic 
peaks is observable but small. The magnetic order 
is considered to be almost stabilized even in zero field 
for x ~ 1/8, 0, 0| so that the development of the 
magnetic order by the application of magnetic field is 
slight. The enhancement of the incommensurate mag- 
netic peaks has also been observed for the excess-oxygen 
doped La2Cu04_ti (LCO) with the stage-4 and state-6 
structures. [l| For Lai. 6 _ x Nd .4Sr x CuO 4 (LNSCO) 
with x = 0.15 where the charge-spin stripe order is stabi- 
lized under the tetragonal low-temperature (TLT) struc- 
ture (space group: P^/ncm), on the contrary, field ef- 
fects on neither the charge nor magnetic peaks associated 
with the charge-spin stripe order have been observed up 
to 7 T. [l4| These results suggest that a sort of spin 
stripe order in the OMT phase of LSCO and in LCO is 



2 



O Koike et al. 
^\ Suzuki vial. 
• 1 Present 
■ J work 



OMT 



La 2 . x Ba x Cu0 4 _ 





Crawford 


l. 


etal. 






• 


Present 




work 



La,„. s Nd l)4 Sr s Cu0 4 : 




0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.06 0.08 0.10 0.12 0.14 0.16 
x (Ba) x (Sr) 



II. EXPERIMENTS 

Single crystals of LBCO with x = 0.08, 0.10, 0.11 and 
LNSCO with x = 0.12 were grown by the traveling- 
solvent floating-zone method under flowing O2 gas of 
4 bar. The detailed procedures are described else- 
where. [2(j Ba and Sr contents of each crystal were ana- 
lyzed by the inductively-coupled-plasma (ICP) measure- 
ments. The p a b was measured by the standard dc four- 
probe method on field cooling in magnetic fields parallel 
to the c-axis up to 15 T. 



FIG. 1: (left) Phase diagram of La2- :c Ba; C Cu04. Open cir- 
cles represent T c , defined as the mid-point temperature in the 
resistive superconducting transition. [l5t Open squares rep- 
resent the structural phase transition temperature between 
the OMT and TLT pha ses, T d2 . (right) Phase diagram of 
Lai.6-iNdo.4Sra;Cu04. |17l Open circles represent T c . Open 
squares represent the structural phase transition temperature 
between the OMT and TLT/ Pccn phases, Td 2 . Open triangles 
represent the temperature between the Pccn and TLT phases. 
Closed circles and squares in the both diagrams represent the 
present T c and Td2 estimated from the p a b measurements, 
respectively. 



stabilized by the application of magnetic field, while the 
charge-spin stripe order in the TLT phase of LNSCO is 
almost never affected. 

In this paper, with the aim to clarify the relation be- 
tween the superconducting and normal-state properties 
and the formation of the stripe order, we have performed 
p a b measurements in magnetic fields up to 15 T for the 
single-crystal La2_ a: Ba. E Cu04 (LBCO) with x = 0.08, 
0.10, 0.11 and LNSCO with x = 0.12. As shown in 
Fig. HI it is noted that both LNSCO with x = 0.12 
and LBCO with x = 0.11 are located in the regime 
where the superconductivity is suppressed in the neigh- 
borhood of p = x = 1/8, while LBCO with x = 0.08 
is located outside this regime. LBCO with x = 0.10 
is just at the boundary between the inside and outside 
of this regime. In the elastic neutron scattering mea- 
surements of LBCO E3 and LNSCO H0, the incom- 
mensurate elastic charge and magnetic peaks associated 
with the stripe order have been observed for x = 0.10 
and 0.12 below the structural phase transition temper- 
ature between the OMT and TLT / Pccn phases, T^2, in 
zero field, but not for x = 0.08. These mean that the 
static charge-spin stripe order is formed at low tempera- 
tures below Xd2 for x = 0.10, 0.11 and 0.12 even in zero 
field. Moreover, it has been found that the intensity of 
the elastic charge pea ks is weaker in x = 0.10 than in 
x ~ 1/8 of LBCO, |18l Il9j suggestive of a less-stabilized 
static charge order in x = 0.10. For x = 0.08, on the 
other hand, the stripe order is not stabilized even at low 
temperatures. 



III. RESULTS 

Figure [21 displays the temperature dependence of p a b 
in various magnetic fields for LBCO with x = 0.08, 0.10, 
0.11 and LNSCO with x = 0.12. For x = 0.10, 0.11 and 
0.12, a jump in p a b is observed at ~ 41 K, ~ 51 K 
and ~ 67 K with decreasing temperature, respectively. 
For x = 0.08, no jump is observed, suggesting that no 
structural transition to the TLT phase occurs and that 
the OMT phase remains at least down to the lowest mea- 
sured temperature of 1.5 K. 0] 

Focusing the attention on the superconducting tran- 
sition curve, the broadening is observed with increasing 
field for x = 0.08, as usually observed in the underdoped 
high-T c cuprates. For x = 0.11, on the other hand, it 
is found that the superconducting transition curve shifts 
to the low-temperature side in parallel with increasing 
field. [21j To be more visible, contour maps of p a b in 
the H vs T plane are shown in Fig. [3] for LBCO with 
x = 0.08, 0.10 and 0.11. In each x, the region where the 
color starts to change from that at high temperatures of 
~ 60 K with decreasing temperature roughly corresponds 
to the onset region of the superconducting transition. For 
x = 0.08, it is found that the relatively sharp transition 
of p a b around T c in zero field is broadened with increas- 
ing field. For x = 0.11, on the contrary, the transition 
of pab around T c remains sharp even in magnetic fields. 
The parallel shift of p a b is also observed for x = 0.12 in 
LNSCO as shown in Fig. [21 These suggest an intimate 
relation between the parallel shift and the suppression of 
superconductivity around p = 1/8 or the formation of 
the charge-spin stripe order. 

A remarkable feature is for x = 0.10 that the super- 
conducting transition curve shows the broadening in low 
fields, while it changes to the parallel shift in high fields 
above 9 T. In Fig. [31 it is found that the broad transi- 
tion of pab around T c below 9 T changes to the sharp one 
above 9 T for x = 0.10. This dramatic change indicates 
that the application of magnetic field causes a crossover 
from the usual state of the underdoped high-T c cuprates 
to the peculiar state around p = 1/8. 

Another remarkable feature observed for x = 0.10 
is that the normal-statc-likc behavior of p a b, character- 
ized by the almost linear T-dcpcndence, is observed be- 
tween Td2 and the onset temperature of superconductiv- 
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FIG. 2: (color online) Temperature dependence of the in-plane electrical resistivity, p a b, in various magnetic fields parallel to 
the c-axis for La2-iBa x Cu04 with x = 0.08, 0.10, 0.11 and Lai.6_ a: Ndo.4Sr a; Cu04 with x = 0.12. The temperature where 
a jump of p a b occurs is in correspondence to the structural phase transition temperature between the OMT and TLT/Pccn 
phases, T d2 . 



ity, T° nset , of - 15 K at 9 T and that p ah between T d2 
and T° nset increases with increasing field above 9 T and 
finally exhibits an insulating behavior for H > 13 T. For 
x = 0.11 and 0.12, on the other hand, the increase of p~ a b 
between T^2 and T° asct with increasing field is negligi- 
bly small up to 15 T, compared with that for x = 0.10. 
To be summarized, LBCO with x = 0.08 is a typical 
underdoped sample characterized by the broadening of 



the superconducting transition curve in magnetic fields. 
Both LBCO with x = 0.11 and LNSCO with x = 0.12 
are peculiar samples around p = 1/8 characterized by the 
parallel shift of the superconducting transition curve in 
magnetic fields. LBCO with x = 0.10 is a rather unique 
sample that shows the broadening in low fields and the 
parallel shift in high fields above 9 T and whose p a b in 
the normal state below Td2 markedly increases with in- 
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FIG. 3: (color online) Contour maps of p a b in the H vs T 
plane for L^-zBazCuCU with x = 0.08, 0.10 and 0.11. 



creasing field up to 15 T. 



IV. DISCUSSION 

First, we discuss the intimate relation between the su- 
perconducting transition curve and the stripe order. It 
is well-known that the broadening of the superconduct- 
ing transition curve observed for x = 0.08 is charac- 



teristic of the undcrdoped high-T c cuprates with large 
superconducting fluctuation. 0, 01 O n the other hand, 
the parallel shift of the superconducting transition curve 
is observed for x = 0.11 and 0.12 and for x = 0.10 
above 9 T. The parallel shift has also been observed 
in LNSCO with x = 0.15 (Ref. 0) and LSCO with 
x = 0.12 (Ref. |53 ) where the static stripe order of 
charges and/or spins is formed at low temperatures. 
These suggest that both the superconductivity with small 
superconducting fluctuation and the static stripe order 
are realized in one sample. Here, it is an important is- 
sue whether the superconducting region and the static 
stripe-ordered one coexist microscopically or are sepa- 
rated macroscopically. From the neutron scattering mea- 
surements in Lai.875Bao.i25-xSr x Cu04, the static stripe 
order has been suggested to compete with the supercon- 
ductivity. Moreover, from the muon-spin-relaxation 



measurements in La2^ K Sr :r Cui_„Zn. 1 ,04 around 



1/8, 



it has been suggested that the superconductivity is de- 
stroyed in a region where frequencies of the dynamical 
stripe fluctuations are lower than ~ 10 11 Hz. [24| There- 
fore, the superconducting region and the static stripe- 
ordered one are probably separated macroscopically. 

The reason why the superconductivity with small su- 
perconducting fluctuation is realized in a sample with the 
static stripe-ordered region is still an open question. A 
possible origin is that the out-of-plane superconducting 
coherence length, £ c , might be relatively large under the 
influence of the correlation of the static stripe order along 
the c-axis, 0,|2j| leading to the three-dimensional super- 
conductivity with small superconducting fluctuation. 

Next, we discuss the relation between the change of 
the normal-state behavior of p a b hi magnetic fields and 
the field-induced stripe order. Considering the results of 
the elastic neutron scattering measurements 0, 0, 0, El 
mentioned in Sec. [IJ the negligibly small increase of p a b 
below Td2 with increasing field for x = 0.11 and 0.12 
seems to indicate that the stripe order is nearly perfectly 
stabilized in zero field and is insensitive to the applied 
field. [l4| As for x — 0.10, the marked increase of p a b 
below Td2 with increasing field reminds us some possible 
origins. The first is the normal-state magnetoresistancc. 
However, this is not applicable, because the normal-state 
magnetoresistance is usually as small as an order of 1 % 
at 15 T, as in the case of x = 0.11 and 0.12. The sec- 
ond is the suppression of the superconducting fluctuation 
by the applied field. The positive magnetoresistance ap- 
pears even at temperatures just below Td2 far from T° nset 
in high fields. On the other hand, reports on the Nernst 
effect in LSCO have suggested that the vortex state sur- 
vives even at higher temperatures far above T c , meaning 
that the superconducting fluctuation exists even at high 
temperatures. j2||[23] Therefore, this possible origin can- 
not be excluded and further measurements are needed to 
conclude. Nevertheless, it appears that this is not a can- 
didate, because the large positive magnetoresistance is 
observed only for x — 0.10 and not for x = 0.11 nor 0.12. 
The third is enhancement of the localization of holes in- 
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FIG. 4: Plot of p ab vs InT at 15 T for I^-zBa^CuCU (LBCO) 
with x = 0.10, 0.11 and Lai.e-zNdo^Sr^CuCU (LNSCO) with 
x = 0.12. 

duced by the applied field. The localization behavior of 
Pab becomes marked with increasing field and appears to 
approach the behavior of LNSCO with x = 0.12 where 
the stripe order is perfectly stabilized. In the long run, 
the most probable origin is that the charge-spin stripe 
order is stabilized by the applied field in x = 0.10. This 
may be the first experimental evidence, to our knowledge, 
of the charge stripe order stabilized in magnetic fields. To 
be more conclusive, the neutron scattering measurements 
in magnetic fields are under way. 

Finally, we discuss the temperature dependence of p a b 
below Td2- So far, it has been clarified in the underdoped 
LSCO and BSLCO 0,0,0 that p ab in the normal state 
shows the ln(l/T) dependence at low temperatures in 
magnetic fields, suggesting that the ln(l/T) dependence 
is a common feature of the underdoped high-T c cuprates. 
To check this suggestion, p a b's of LBCO with x = 0.10, 
0.11 and LNSCO with x = 0.12 at 15 T are plotted ver- 
sus InT, as shown in Fig. 0] Below ~ 20 K, it is found 
that p a b in the normal state is proportional to ln(l/T) in 
each x, though p a b deviates downward from ln(l/T) at 
low temperatures because of the superconducting transi- 
tion for x = 0.10 and 0.11. The small deviation below 3 
K for x — 0.12 is irrelevant to the superconducting tran- 
sition, because p a b is independent of the field strength 



for if > 11 T, as seen in Fig. HJ The slope of the 
ln(l/T) dependence is found to increase with increas- 
ing x, indicating that the localization of holes becomes 
strong with increasing x toward x = 1/8 at 15 T. The 
ln(l/T) dependence is known to be characteristic of the 
weak localization and the electron-electron interaction in 
the two-dimensional Anderson-localized state where the 
in-plane electrical conductivity er a b actually changes in 
proportion to ln(l/T) even in magnetic fields. |2g| For 
x = 0.10, 0.11 and 0.12, however, cr a b does not show the 
ln(l/T) dependence below Td2, as hi the case of the un- 
derdoped LSCO. Although the true origin of the 
ln(l/T) dependence of p a b is not clear, the localization 
of holes with the ln(l/T) dependence observed widely in 
the underdoped high-T c cuprates is robust even in the 
stripe-ordered state of LBCO and LNSCO. |2<i 

V. SUMMARY 

It has been found that the superconducting transition 
curve shows the parallel shift by the application of mag- 
netic field in LBCO with x = 0.11 and LNSCO with 
x = 0.12 where the charge-spin stripe order is formed 
at low temperatures. These suggest that both the su- 
perconductivity with small superconducting fluctuation 
and the static stripe order are realized in one sample for 
x = 0.11 and 0.12. For LBCO with x = 0.10, the broad- 
ening in low fields changes to the parallel shift in high 
fields above 9 T. Moreover, p a b in the normal state be- 
low Td2 increases with increasing field up to 15 T. It is 
possible that these pronounced features of x = 0.10 are 
understood in terms of the field-induced stabilization of 
the charge stripe order. The p a b in the normal state at 
low temperatures has been found to be proportional to 
ln(l/T) for x = 0.10, 0.11 and 0.12, suggesting the lo- 
calization of holes with the ln(l/T) dependence of p a b 
which is robust even in the stripe-ordered state of LBCO 
and LNSCO. 



Acknowledgments 

The high magnetic field experiments were partly sup- 
ported by the High Field Laboratory for Superconduct- 
ing Materials (HFLSM), Institute for Materials Research, 
Tohoku University. This work was supported by a Grant- 
in- Aid for Scientific Research from the Ministry of Edu- 
cation, Science, Sports, Culture and Technology, Japan. 



[1] K. Kitazawa, S. Kambe, M. Naito, I. Tanaka, and H. 

Kojima, Jpn. J. Appl. Phys. 28, L555 (1989). 
[2] M. Suzuki, and M. Hikita, Jpn. J. Appl. Phys. 28, L1368 

(1989). 

[3] Y. Ando, G.S. Boebinger, A. Passner, T. Kimura, and K. 



Kishio, Phys. Rev. Lett. 75, 4662 (1995). 
[4] G.S. Boebinger, Y. Ando, A. Passner, T. Kimura, M. 
Okuya, J. Shimoyama, K. Kishio, K. Tamasaku, N. 
Ichikawa, and S. Uchida, Phys. Rev. Lett. 77, 5417 
(1996). 



6 



[5] S. Ono, Y. Ando, T. Murayama, F.F. Balakirev, J.B. 
Betts, and G.S. Boebinger, Phys. Rev. Lett. 85, 638 
(2000). 

[6] J.M. Tranquada, B.J. Sternlieb, J.D. Axe, Y. Nakamura, 

and S. Uchida, Nature (London) 375, 561 (1995). 
[7] J.M. Tranquada, J.D. Axe, N. Ichikawa, Y. Nakamura, S. 

Uchida, and B. Nachumi, Phys. Rev. B 54, 7489 (1996). 
[8] B. Lake, H.M. R0nnow, N.B. Christensen, G. Aeppli, K. 
Lefmann, D.F. McMorrow, P. Vorderwisch, P. Smeibidl, 
N. Mangkorntong, T. Sasagawa, M. Nohara, H. Takagi, 
and T.E. Mason, Nature (London) 415, 299 (2002). 
[9] S. Katano, M. Sato, K. Yamada, T. Suzuki, and T. 
Fukase, Phys. Rev. B 62, R14677 (2000). 

[10] T. Suzuki, T. Goto, K. Chiba, T. Shinoda, T. Fukase, 
H. Kimura, K. Yamada, M. Ohashi, and Y. Yamaguchi, 
Phys. Rev. B 57, R3229 (1998). 

[11] H. Kimura, K. Hirota, H. Matsushita, K. Yamada, Y. 
Endoh, S.-H. Lee, C.F. Majkrzak, R. Erwin, G. Shirane, 
M. Greven, Y.S. Lee, M.A. Kastner, and R.J. Birgeneau, 
Phys. Rev. B 59, 6517 (1999). 

[12] B. Khaykovich, Y.S. Lee, R.W. Erwin, S.-H. Lee, S. 
Wakimoto, K.J. Thomas, M.A. Kastner, and R.J. Bir- 
geneau, Phys. Rev. B 66, 014528 (2002). 

[13] B. Khaykovich, R.J. Birgeneau, F.C. Chou, R.W. Er- 
win, M.A. Kastner, S.-H. Lee, Y.S. Lee, P. Smeibidl, P. 
Vorderwisch, and S. Wakimoto, Phys. Rev. B 67, 054501 
(2003). 

[14] S. Wakimoto, R.J. Birgeneau, Y. Fujimaki, N. Ichikawa, 
T. Kasuga, Y.J. Kim, K.M. Kojima, S.-H. Lee, H. Niko, 
J.M. Tranquada, S. Uchida, and M.v. Zimmermann, 
Phys. Rev. B 67, 184419 (2003). 



[15] Y. Koike, N. Watanabe, T. Noji, and Y. Saito, Solid 

State Commun. 78, 511 (1991). 
[16] T. Suzuki, and T. Fujita, J. Phys. Soc. Jpn. 58, 1883 

(1989). 

[17] M.K. Crawford, R.L. Harlow, E.M. McCarron, W.E. Far- 

neth, J.D. Axe, H. Chou, and Q. Huang, Phys. Rev. B 

44, 7749 (1991). 
[18] H. Goka, M. Fujita, T. Adachi, N. Kitajima, Y. Koike, 

and K. Yamada, unpublished. 
[19] M. Fujita, H. Goka, K. Yamada, J.M. Tranquada, and 

L.P. Regnault, Phys. Rev. B 70, 104517 (2004). 
[20] T. Adachi, T. Noji, and Y. Koike, Phys. Rev. B 64, 

144524 (2001). 

[21] T. Adachi, T. Noji, and Y. Koike, J. Phys. Chem. Solids 

63, 1097 (2002). 
[22] T. Suzuki, Y. Oshima, K. Chiba, T. Fukase, T. Goto, H. 

Kimura, and K. Yamada, Phys. Rev. B 60, 10500 (1999). 
[23] M. Fujita, H. Goka, K. Yamada, and M. Matsuda, Phys. 

Rev. Lett. 88, 167008 (2002). 
[24] T. Adachi, S. Yairi, K. Takahashi, Y. Koike, I. Watanabe, 

and K. Nagamine, Phys. Rev. B 69, 184507 (2004). 
[25] SA. Kivelson, E. Fradkin, and V.J. Emery, Nature (Lon- 
don) 393, 550 (1998). 
[26] ZA. Xu, N.P. Ong, Y. Wang, T. Kakeshita, and S. 

Uchida, Nature (London) 406, 486 (2000). 
[27] Y. Wang, Z.A. Xu, T. Kakeshita, S. Uchida, S. Ono, Y. 

Ando, and N.P. Ong, Phys. Rev. B 64, 224519 (2001). 
[28] H. Fukuyama, J. Phys. Soc. Jpn. 48, 2169 (1980). 
[29] T. Noda, H. Eisaki, and S. Uchida, Science 286, 265 

(1999). 



